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Through the use of a functionally unbiased signal peptide trap screen, we have discovered an ATP-dependent aminophospholipid
transporter that is exclusively expressed in the acrosomal region of spermatozoa; it is about 62% similar to the flippase, FIC1. We disrupted
the transporter gene and found that the size of litters from male null mice was slightly smaller than found with wild-type males. Sperm
morphology and motility were the same between null and wild-type littermates, but agents (merocyanine and annexin) that measure
phospholipid packing or phosphatidylserine (PS) in the outer membrane leaflet showed that PS already existed in the outer leaflet of null
spermatozoa before sperm capacitation. Fertilization rates were normal when null spermatozoa were added to zona pellucida-free eggs, but in
the presence of the extracellular matrix, fewer transporter/ spermatozoa bound tightly or penetrated the zona pellucida (ZP), and fewer
underwent acrosome reactions. In vitro fertilization was compromised, especially at early time points or at low sperm concentrations after
mixing null spermatozoa and eggs. Thus, a new aminophospholipid transporter expressed exclusively in spermatozoa is critical for normal
phospholipid distribution in the bilayer, and for normal binding, penetration, and signaling by the zona pellucida.
D 2003 Elsevier Inc. All rights reserved.Keywords: Aminophospholipid transporter; Membrane scrambling; Phosphatidylserine; Merocyanine 540; Spermatozoa; Annexin V; Zona pellucidaIntroduction
The asynchronous phenotypes of mammalian spermato-
zoa, the paucity of female material (eggs), and the difficulties
of searching for genes critical to fertilization through genetic
screens, prompted the use of invertebrate animal models as a
primary step to an understanding of the molecular basis of
fertilization (Garbers, 1989; Swanson and Vacquier, 2002).
Invertebrate sperm populations are usually highly synchro-
nized and large quantities (kg amounts) of gametes can be
obtained. Thus, the use of functional bioassays to identify
important signaling components in the invertebrate, followed
by an identification of homologous genes in the mammal,
represented a seemingly strong experimental approach for0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2003.11.004
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However, many gene families critical to invertebrate fertil-
ization are often not found in mammalian germ cells (Garb-
ers, 1992; Moy et al., 1996). Thus, elucidation of the
molecular underpinnings of fertilization in the mammal
seems to require research directly on mammalian species.
However, for reasons outlined above, the use of sperm
behavioral responses to identify important signaling compo-
nents would be, and has been, a difficult and generally
unsuccessful means of approach. Of various unbiased and
global approaches, genetic screens for fertilization-defective
mutations might provide the most effective unbiased meth-
od, but to specifically search for fertilization-defective muta-
tions at the level of the gametes would be difficult because of
the labor intensiveness, the animal numbers, and the many
genes that would interrupt fertilization for reasons other than
defective signaling between the female/egg and the sperma-
tozoon. Other alternatives to find proteins required for
fertilization include proteomics, in silico subtraction, micro-
arrays, and signal peptide trapping. We have developed
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some of the most important components required for fertil-
ization, including that initial gene products should be germ-
cell-specific, expressed by the haploid cell, and predicted to
be membrane-associated. From this list, proteins that appear
to function as signaling modules, channels, transporters, or
adhesion molecules would first be selected for more detailed
study.
Spermatozoa undergo two membrane fusion events dur-
ing the process of fertilization, an intrasperm exocytotic
event known as the acrosome reaction, and an intercellular
fusion of the spermatozoon with the egg (Evans and Flor-
man, 2002; Primakoff and Myles, 2002). A maturation
process where sperm membrane destabilization occurs is
associated with an event termed capacitation (Gadella et al.,
2001; Yanagimachi, 1994). This event normally takes place
in the female reproductive tract, but also can be artificially
recapitulated in vitro.
Although the glycoprotein and protein components of
the plasma or acrosomal membranes have received consid-
erable attention over many years, considerable recent inter-
est has focused on lipids, particularly the dynamic nature of
lipids in the sperm plasma and acrosomal membranes
during the process of capacitation (Flesch and Gadella,
2000; Flesch et al., 2001; Gadella and Harrison, 2000) or
after elevations of cAMP in response to bicarbonate
(Gadella and Harrison, 2002). The plasma membrane of
spermatozoa, like that of other mammalian cells, is com-
posed of phospholipid that is asymmetrically distributed
between the two leaflets of the membrane lipid bilayer
(Gadella et al., 1999; Nolan et al., 1995). The inner leaflet
contains higher amounts of the aminophospholipids such as
phosphatidylserine (PS), whereas the outer leaflet contains
mainly choline-based phospholipids such as sphingomyelin
(SM) and phosphatidylcholine (PC) (Muller et al., 1994;
Nolan et al., 1995). Upon capacitation, phospholipid scram-
bling appears to occur (Gadella et al., 1999). Several
translocating enzymes with different phospholipid specific-
ities are responsible for maintaining the asymmetry in other
cells, namely, flippases, floppases, and scramblases (Bevers
et al., 1999). Flippases transfer PS and phosphatidyletha-
nolamine from the outer to the inner lipid leaflet, floppases
transfer phospholipids from the inner to the outer leaflet,
and scramblases act as bidirectional carriers with little
specificity. A reduction in phospholipid asymmetry
(‘scrambling’) through movement of one or all four phos-
pholipids in both directions (inward and outward) across
the membrane lipid bilayer occurs in processes such as cell
adhesion (Verhoven et al., 1992), membrane fusion (Emoto
et al., 1996), apoptosis (Fadok et al., 1992), and blood
coagulation (Zwaal et al., 1977).
In this study, we identify a sperm-specific aminophos-
pholipid-like transporter that is localized to the acrosomal
region of the mouse sperm head. Removal of this enzyme
through homologous recombination did not alter morphol-
ogy or motility. The average litter size obtained with nullmales, however, was slightly less than that obtained with
wild-type males. Merocyanine 540 and annexin V binding
to null spermatozoa was altered compared to wild-type cells,
suggesting marked alterations in membrane lipid packing
and/or phosphatidylserine distribution. Under in vitro con-
ditions, the numbers of null spermatozoa that bound to or
penetrated the zona pellucida were less than with wild-type
cells. When sperm cell concentrations were varied in vitro,
the numbers of two-cell embryos formed at 24 h were
considerably less with null than wild-type sperm cells.
However, eventually (48 h), the numbers of multicell
embryos formed after the addition of null spermatozoa
almost became equal to those of wild type. Thus, the ability
of null sperm cells to fertilize eggs as effectively as wild-
type cells is compromised, especially under conditions of
low sperm numbers.Materials and methods
5V and 3V rapid amplification of cDNA ends (RACE)
cDNA fragment-specific primers were synthesized
according to the First Choice RLM-RACE kit (Ambion)
protocol. Subsequent PCR products were then cloned into
the PCR 4 Blunt-TOPO vector (Invitrogen) and sequenced
to assure mutations were not introduced.
Northern blot analysis
Total RNA from testis of wild-type mice was prepared
using Trizol reagent (Invitrogen). After transfer of RNA to
positively charged nylon membranes, the blots were hybrid-
ized overnight at 52jC with Ultrahyb (Ambion) according
to the manufacturer’s protocol.
In situ hybridization
The T7 promoter was added to cDNA fragments (from
1130 to 1460 bp) by the use of the Lign’scribe kit (Ambion).
Radiolabeled [35S]cRNA sense and antisense probes were
transcribed with MAXIscript (Ambion), and in situ hybrid-
ization of adult and 7-day-old mouse testis sections were
performed according to Shelton et al. (2000).
Generation of gene-disrupted mice
Genomic clones containing the sperm aminophospholipid
transporter (SAPLT) gene were isolated and analyzed by
restriction-enzyme digestion and sequencing. A targeting
vector was constructed to contain 1.5 kb (left arm), followed
by a Neo-resistance gene (middle), and 8.0 kb (right arm),
then followed by TK as a negative selection marker. Em-
bryonic stem cells derived from 129/SvEv mice were trans-
fected with linearized DNA, selected, and analyzed for
correct targeting. We used correctly targeted embryonic stem
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C57BL/6J to obtain heterozygous mutant mice. Mice used in
the study were the offspring of crosses between F1 mice
(129/SvEv:C57BL/6J). Wild-type littermates were the con-
trols in all experiments.
Production of peptide antibodies
Antibodies were made to synthetic peptides corre-
sponding to amino acid residues 1–14 (CMDGVHLGEN-
LEDKD), and residues 1322–1335 (CSSSPSQLEV-
PRKQS); the Cys was attached to the 14-mer at the
amino terminus. These peptides were conjugated to
maleimide-activated keyhole limpet hemocyanin (KLH)
according to the manufacturer’s protocol (Pierce). Rabbits
were immunized and subsequently boosted at regular
intervals with 100 Ag of KLH-peptide conjugate per
injection. Antipeptide antibodies were affinity purified
on the corresponding peptide chromatographic column
(Pierce) by the use of Gentle Binding and Elution buffers
(Pierce).
Immunolocalization
Cauda epididymal sperm cells were spotted onto glass
slides and air-dried. The cells were then fixed with metha-
nol/chloroform/acetic acid (6:3:1) at 20jC for 2 min, then
rinsed and air-dried. The slides were incubated with 0.5%
saponin and 10% normal goat serum in PBS for 30 min.
Slides were then incubated with primary antibody for 2 h,
washed three times with PBS for 10 min, and incubated with
goat antirabbit IgG-Alexa Fluor-488 (Molecular Probes) and
2nM EthD-1 (Molecular Probes) for 45 min. After washing
with PBS three times for 10 min, slides were mounted with
Gel/Mount (Biomeda).
In vitro fertilization
Sperm were collected from the cauda epididymis and
incubated with PLG medium (89 mM NaCl, 4.9 mM KCl,
1.7 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5.56
mM glucose, 0.25 mM sodium pyruvate, 29 mM Na lactate,
25 mM NaHCO3, 30 g/L BSA, and 0.01 g/L phenol red) at
37jC in a 5% CO2/95% air incubator for 90 min to induce
capacitation. Eggs were collected from mature wild-type
females injected with 7 units of Gestyl (Diosynth) and 7
units of hCG (human chorionic gonadotropin, Sigma) 62
and 14 h before collection, respectively. Eggs were incu-
bated with different concentrations of capacitated sperma-
tozoa for 4 h at 37jC. Eggs were then washed twice to
remove unbound spermatozoa (eggs were placed in the
incubator for 5 min during each wash). After incubation at
37jC in BMOC media (89 mM NaCl, 4.9 mM KCl, 1.7 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5.56 mM
glucose, 0.25 mM sodium pyruvate, 29 mM Na lactate, 25
mM NaHCO3, 5 g/L BSA, 0.13 mM EDTA, and 0.01 g/Lphenol red) for 24 and 48 h, the numbers of multicell
embryos were determined.
Visualization of merocyanine (MC540) fluorescence
Sperm cells collected as described above were incubated
in NO medium (120 mM NaCl, 2.0 mM KCl, 1.8 mM
CaCl2, 1.2 mM MgSO4, 0.36 mM NaH2PO4, 5.56 mM
glucose, 1.0 mM sodium pyruvate, 18.5 mM sucrose, 50
mM HEPES, 25 mM NaHCO3, 20 mg/ml BSA; pH 7.3) or
in NO medium free of NaHCO3, BSA, or Ca
2+ at 37jC.
After the indicated time, cells were stained with 2.5 AM
MC540 (Molecular Probes) and 50 nM Sytox Green (Mo-
lecular Probes) for 20 min. Sperm cell analysis was on
FACScan (Becton Dickinson). Sytox Green was measured
with a 525 F 26nm filter (FL1) and MC540 was measured
with a 620-nm-long pass emission filter (FL3). In all cases,
10,000 events were stored and analyzed with Cell-Quest
software. Only sperm-specific events were gated for analy-
sis. When H89 (Calbiochem), a protein kinase A inhibitor,
was added, the final concentration was 50 AM.
Annexin V binding assay
Sperm were collected from the cauda epididymis and
were capacitated in NO or in NO medium free of NaHCO3

for 90 min. After this, 5 Al Alexa Fluor 488 annexin V
(Molecular Probes) and 2 AM EthD-1 (Molecular Probes)
were added to 100 Al aliquots containing 1 million sperm
per milliliter After 10 min, sperm cell analysis was per-
formed on FACScan. Alexa Fluor 488 annexin V was
measured using a 525 F 26 nm filter (FL1) and EthD-1
was measured with a 620-nm-long pass emission filter
(FL3). Only sperm-specific events were gated for analysis.
IVF with ZP-free eggs
Eggs collected from the oviducts of superovulated female
mice were incubated with 0.15 Ag/ml hyaluronidase in PLG
medium at 37jC for several minutes to remove cumulus
cells. They were then washed twice with PLG. To remove
the zona pellucida, eggs were incubated with Tyrode’s Acid
solution (Sigma) for 20–30 s. Following this, the eggs were
washed twice with PLG medium. In vitro fertilization with
the zona pellucida-free eggs was as described above.
Sperm binding assay
Eggs collected from the oviducts of superovulated female
mice were incubated with 0.15 Ag/ml hyaluronidase (Sigma)
in PLG medium at 37jC for several minutes to remove
cumulus cells, then washed twice with PLG. The resultant
eggs were subsequently incubated with capacitated sperma-
tozoa (1 million/ml) in PLG for 20 min. The unbound or
loosely bound spermatozoa were washed from the eggs by
transfer to 3 ml PLG and subsequent incubation at 37jC for
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The eggs were then fixed in PBS containing 3.75% form-
aldehyde for at least 15 min, then stained with a PBSFig. 1. SAPLT sequence and CLUSTALW alignment of SAPLT, FIC1, and ATPa
regions of P-type ATPase transporter are highlighted in bold. ‘‘*’’ indicates that the
‘‘:’’ indicates conserved substitutions. ‘‘.’’ indicates semi-conserved substitutions
www.ebi.ac.uk/clustalw Rodrigo Lopez, Services Program).solution containing 1 Ag/ml Hoechst 33258 (15 min). The
number of sperm cells bound to the egg was determined by
counting with a fluorescence microscope.se II. Ten transmembrane segments are underlined, and the four conserved
residues in the given column are identical for all sequences in the alignment.
(ClustalW WWW Service at the European Bioinformatics Institute, http://
Fig. 1 (continued ).
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Cumulus-free eggs were collected as described above.
Eggs were then incubated with capacitated sperm cells (1million/ml), and after 30 min were washed twice with 3
ml PLG medium and incubated at 37jC in fresh PLG
medium for another 1 h. The eggs were then fixed in
PBS containing 3.75% formaldehyde overnight. The fixed
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washed once with 0.1 M ammonium acetate (pH 9.0),
and air-dried. They were then stained in a solution
containing 0.4% Coomassie G-250 and 3.5% perchloric
acid for 20 min, then rinsed with water, air dried, and
mounted on a coverglass with Permount (Fisher). Acro-
somal reactions were scored by light microscopy. For
ionopore-induced acrosome reactions, 0.4 Al 5 mM
A23187 or DMSO was added to 100 Al of sperm cells
previously incubated under capacitation conditions. After
incubation in 5%CO2/95% air at 37jC for 30 min, sperm
cells were fixed in PBS containing 3.75% formaldehyde
for 10 min. The cells were then washed once with 0.1 M
ammonium acetate (pH 9.0), transferred to poly-L-lysine-
coated slides, and air-dried. Staining was with a solution
containing 0.4% Coomassie G-250 and 3.5% perchloric
acid for 20 min, followed by rinsing in water and
subsequent air drying and sealing with Permount.
Sperm penetration assay
Cumulus-free eggs were collected as above. Half of
the eggs were treated at 55jC for 75 min to inactivate the
cortical granule enzymes responsible for the zona block to
polyspermy and the other half were kept at 37jC.
Capacitated spermatozoa (1 million/ml) were incubated
(20 min) with eggs previously treated or not treated at
55jC. Eggs were washed with fresh PLG medium three
times and incubated for another 5 h to allow sperm
penetration of the zona pellucida. A glass micropipette
was used to transfer eggs to fresh medium and remove
sperms that were bound to the outside of the extracellular
matrix. Eggs were then fixed in a PBS solution contain-
ing 3.75% formaldehyde for at least 15 min, then stained
with a solution containing 1 Ag/ml Hoechst 33258 for 15
min. The numbers of sperm cells that penetrated the zona
pellucida to the level of the egg plasma membrane were
counted.Fig. 2. The expression pattern of SAPLT in testis. (A) Dot blot of mRNA
from 22 mouse tissues. SAPLT mRNAwas expressed specifically in testis.
The tissues on the blot are as follows, from left to right: row A, brain, eye,
liver, lung, kidney; row B, heart, skeletal muscle, smooth muscle; row C,
pancreas, thyroid, thymus, submaxillary gland, spleen; row D, testis, ovary,
prostate, epididymis, uterus; row E, embryo 7d, embryo 11d, embryo 15d,
embryo 17d; row F: yeast total RNA, yeast tRNA, E. coli rRNA, E. coli
DNA; row G, poly r(A), Cot 1 DNA, mouse DNA, mouse DNA. (B)
Northern blot shows the size of mRNA (approximately 4.5 kb). (C) In situ
hybridization of testicular tissue. Paraformaldehyde-fixed, paraffin-embed-
ded mouse testis sections were probed with 35S-labeled SAPLT sense (1 and
2) or antisense (3 and 4) probes. Bright-field (1 and 3) and dark-field (2 and
4) microscopy (200).Results and discussion
Cloning of sperm aminophospholipid transporter (SAPLT)
We found an ATP-dependent aminophospholipid trans-
porter-like fragment after screening a spermatid-rich signal
peptide trap cDNA library (Quill et al., 2001). The full-
length cDNA (4411bp) was obtained using rapid amplifi-
cation of cDNA ends (GenBank accession number:
AY364445), and the deduced protein sequence was pre-
dicted to be 1335 amino acids (Fig. 1). The protein is
predicted to be an aminophospholipid transporter, Type IV
P-type ATPase based on primary sequence, in that it is
about 62% similar with the known aminophospholipid
transporter, human FIC 1 (Fig. 1) and about 53% similar
to a bovine ATPase II (Fig. 1). The FIC and ATPase IIgenes have been shown to be responsible for confining
phosphatidylserine to the inner side of the membrane
bilayer (Tang et al., 1996; Ujhazy et al., 2001; Zachowski
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the FIC 1 gene results in familial intrahepatic cholestasis I
and benign recurrent intrahepatic cholestasis (Bull et al.,
1998). SAPLT is also 46% similar to yeast DNF1 and
DNF2, proteins required for phospholipid translocation
across the yeast plasma membrane (Pomorski et al.,
2003). ATPase II and FIC function as flippases, suggesting
that SAPLT is also a flippase. Unfortunately, most sperm-
specific proteins fail to functionally express in cultured
mammalian cells, and this is also true of SAPLT. Based on
RNA dot blots, the SAPLT transcript is expressed only
within the testis (Fig. 2A), and based on Northern blots,
the size of the mRNA is 4.5 kb (Fig. 2B). Based on in situ
hybridization, the transcript is further confined to either
spermatocytes or spermatids (Fig. 2C); no signal could be
detected in the testis of 6-day-old mice (data not shown)
before the formation of spermatocytes.
Localization of SAPLT
A polyclonal antibody directed against the carboxy-
terminal 15-amino acid peptide was produced; it recognizedFig. 3. Targeted disruption of SAPLT. (A) Genomic structure of mouse SAPLT and
Western blot of SAPLT. Lane 1 (wild type) and lane 2 (null) were loaded with testa 160 kDa protein in testis membrane and whole sperm
extracts (Fig. 3C). The antibody also recognized an in vitro
transcribed and expressed His-V5 tagged protein generated
from the SAPLT cDNA (data not shown). The SAPLT was
localized to the acrosomal region (Fig. 4A).
Production of SAPLT-deficient mice
The SAPLT gene consists of 27 exons and is located on
chromosome 10. To disrupt the gene, the target vector was
designed to remove exons 4–14 (Fig. 3A), which encodes
the first four trans-membrane segments. ES clones were
selected with G418 and FIAU. Positive clones were
screened by PCR for homologous recombination on the
short arm, and further confirmed by Southern blotting with
a Neo gene probe and with probes outside the sequences
of the short arm and the long arm (data not shown).
SAPLT/ mice were generated by cross-mating F1 het-
erozygous (+/) mice and were confirmed as homozygous
nulls by PCR (Fig. 3B). Null mice did not express SAPLT
protein (Fig. 3C) and no immunostaining was evident on
mature null spermatozoa (Fig. 4C).the targeting vector. (B) PCR genotyping to confirm the gene disruption. (C)
is membrane extracts. Lane 3 (wild type) and lane 4 (null) were loaded with
Fig. 4. Immunostaining of wild type (A, B) and null (C, D) spermatozoa. Methacarn-fixed epididymal spermatozoa on slides were incubated with affinity-
purified anti-SAPLT antibody. The nucleus was stained red with the DNA dye, EthD-1. Phase contrast images (B, D) and merged green fluorescence and red
fluorescence images (A, C). Anti-SAPLT antibody staining (green fluorescence) was evident in the acrosomal region of wild type sperm, but no staining was
her m
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The cross between F1 offspring of SAPLT+/ mice
exhibited roughly Mendelian genotype ratios (73 wild type,
129 heterozygous, 63 homozygous null mice). The gene
disruption did not appear to have an effect on embryonic
development. Both male and female SAPLT/ mice were
fertile; however, the average litter size of SAPLT/ male
mice was slightly lower (P < 0.05) than that of SAPLT+/+
mice mated with C57BL/6 females (Fig. 5A). The ability to
fertilize was further tested by in vitro fertilization (IVF).
Eggs were incubated with 5, 1, 0.2, and 0.04  106 sperm
cells/ml for 4 h, then cells loosely bound to the eggs were
washed off as described in Materials and methods. After 24
and 48 h, multicell (two-cell or later in development)
embryos were counted (Fig. 5B). At low sperm numbers
(<0.2  106), both wild type and null spermatozoa yielded
fewer two-cell embryos than at higher sperm concentrations
(24 h). By 48 h, although the numbers of embryos formed
were still lower in the null animals, the differences between
wild type and nulls was considerably less than at 24 h. Thus,
both the sensitivity to sperm concentration and the time
required to fertilize an egg was increased with null sperma-
tozoa relative to wild-type cells.
present in the acrosomal region of null spermatozoa. The inset shows a higEffect of gene disruption on membrane phospholipids
Merocyanine 540 (MC540) is an impermeant lipid-
philic fluorescent dye that has been suggested as a monitor
of lipid disorder in the outer leaflet of the plasma mem-
brane. An increase in MC540 fluorescence has been
associated with phospholipid scrambling (Williamson and
Schlegel, 1994). Biocarbonate/CO2 is known to cause a
rapid increase in the ability of live boar spermatozoa to
bind MC540 (Harrison et al., 1996). SAPLT/ sperm and
SAPLT+/+ spermatozoa were collected from cauda epidid-
ymides and incubated in an atmosphere of 5% CO2/95%
air at 37jC in a balanced media. Sperm aliquots (100 Al)
analyzed by flow cytometry demonstrated that wild-type
spermatozoa reacted rapidly with MC540 (several
minutes). The cells showing high MC540 fluorescence
reached a maximum at about 20 min; at the same time,
no high MC540 fluorescence was evident in SAPLT/
cells (Fig. 6A). High MC540 fluorescence was also bicar-
bonate/CO2 dependent. When incubated in HCO3
–-free
medium, no high MC540 fluorescence was evident in
wild-type spermatozoa. In contrast, SAPLT/ sperm cells
continued to display an absence of high MC540 fluores-
cence in either HCO3
-free or HCO3
-containing medium
agnification of the arrowed sperm head.
Fig. 5. Disruption of the SAPLT gene disrupts normal fertilization. (A) The
average litter size of SAPLT /  male mice was slightly lower ( P < 0.05)
than that of SAPLT+/ + mice mated to C57BL/6 females. (B) In vitro
fertilization (IVF). About 120 eggs at each time point were incubated with
5, 1, 0.2, or 0.04  106 sperm cells/ml for 4 h, then cells loosely bound to
the eggs were washed off. After 24 and 48 h, multicell embryos (two-cell,
three-cell, four-cell, or up) were counted.
Fig. 6. Flow cytometric analysis of MC540 fluorescence. (A) MC540
fluorescence as a function of incubation time with wild-type or null
spermatozoa. Wild-type spermatozoa reacted rapidly with MC540 and the
cells containing high MC540 fluorescence reached a maximum in about
20 min. In contrast, high MC540 fluorescence was not observed in
SAPLT / cells. (B) MC540 fluorescence in spermatozoa treated with
bicarbonate/CO2 or not treated. Wild-type spermatozoa show no high
MC540 fluorescence in HCO3
-free medium (1), but show high MC540
fluorescence in HCO3
-containing medium (3). In contrast, SAPLT / 
sperm cells display no high MC540 fluorescence in either HCO3
-free (2)
or HCO3
-containing medium (4). (C) The effects of H89, a protein kinase
A inhibitor, on the MC540 fluorescence. H89 blocked the appearance of
high MC540 fluorescence in wild-type spermatozoa, suggesting that
apparent lipid disordering is cAMP-dependent.
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bling was reduced in null mice during the capacitation
process. Although Ca2+ and BSA are required to capacitate
spermatozoa in the presence of HCO3
, wild-type sperma-
tozoa showed increased binding of MC540 in the presence
of HCO3
 even in the absence of Ca2+ and/or BSA (data
not shown). Consistent with the findings of others (Flesch
et al., 2001; Gadella and Harrison, 2002; Harrison et al.,
1996) that high MC540 fluorescence is cAMP-dependent
and that a protein kinase-inhibitor can block such staining.
H89, a protein kinase A inhibitor blocked high MC540
fluorescence in wild-type spermatozoa (Fig. 6C). Neither
L. Wang et al. / Developmental Biology 267 (2004) 203–215212cAMP analogs nor H89 altered MC540 fluorescence in
null spermatozoa (data not shown).
Disruption of the SAPLT gene causes PS movement to the
outer leaflet
The membrane scrambling after capacitation in wild-type
sperm cells resulted in movement of phosphatidylserine
(PS) from the inner leaflet of the plasma membrane to the
outer leaflet based on staining with annexin V, a specific PS-
binding protein (Fig. 7). In contrast to wild-type cells,
annexin V was found bound to null spermatozoa before
capacitation. Thus, SAPLT appears to be responsible for
maintaining the phosphatidylserine asymmetry normally
seen in wild-type cells, acting as a flippase as predicted.
Disruption of the SAPLT gene alters sperm–egg
interactions
During the course of natural fertilization, sequential
events include sperm movement through the cumulus
oophorous cells, subsequent binding to the zona pellucida,
penetration of this extracellular matrix, and fusion with theFig. 7. Flow cytometric analysis of annexin V binding to wild-type sperm before (
after (D) capacitation. The subpopulation in gate R2 were viable cells that did not e
cells that appeared to have phophatidylserine in the outer leaflet of the plasma megg plasma membrane. Before penetration of the zona
pellucida, an acrosome reaction is induced. Based on the
IVF results (Fig. 5B), it was possible that the difference in
numbers of fertilized embryos at 24 h compared to 48 h was
due to a defect in one or more of these events. We first
incubated zona pellucida-free eggs with wild type or null
spermatozoa. Under these conditions, there were no differ-
ences in fertilization rates between the different genotypes
(Fig. 8A).
We next examined the ability of spermatozoa to bind to
the zona pellucida of cumulus-free eggs as described in
Materials and methods. Fewer SAPLT/ than wild-type
spermatozoa bound to the zona pellucida (Fig. 8B).
Since disruption of SAPLT appeared to affect membrane
lipid scrambling (Fig. 6) and since SAPLT is localized to the
acrosomal region, the next question addressed was whether
the acrosome reaction would be altered by elimination of the
SAPLT gene. The percentage of acrosome-reacted cells was
less in the SAPLT/ spermatozoa compared to wild-type
cells (Fig. 8C). Since A23187 induced about 90% acroso-
mal reactions in either genotype (Fig. 8C), the sperm cells of
wild-type or SAPLT/ spermatozoa were not defective in
this capability. We then examined the protein tyrosineA) and after (B) capacitation and binding to null sperm cells before (C) and
xpose phosphatidylserine, whereas the subpopulation in gate R3 were viable
embrane.
Fig. 8. Measurements of egg–sperm interactions. (A) Rates of in vitro fertilization of ZP-free eggs with wild-type or null spermatozoa (0.1, 1  106 sperm
cells /ml). Two-cell embryos were counted after 24 h. Fertilization rates were the same for the different genotypes. About 300 eggs were analyzed in each
group. (B) Binding of sperm cells to the zona pellucida. Fewer SAPLT/ sperms were bound to the zona pellucida compared to wild-type spermatozoa.
Spermatozoa were washed, fixed, and stained with Hoechst 33258 after incubation with eggs for 15 min. About 90 eggs were analyzed in each group. (C)
Acrosome reactions of SAPLT/ and wild-type spermatozoa. After capacitated spermatozoa were incubated with eggs for the indicated time, eggs were
washed, fixed, and stained with 0.22% Coomassie Blue G-250. About 500 sperm cells were analyzed in each group. The ability of A23187 to induce acrosome
reactions was also assessed. (D) The average number of spermatozoa that penetrate the zona pellucida. Eggs were either treated at 55jC for 75 min or kept at
37jC. Penetration was allowed to occur in sperm-free media for 5 h. About 90 eggs were analyzed in each group.
L. Wang et al. / Developmental Biology 267 (2004) 203–215 213phosphorylation patterns of both null and wild-type sper-
matozoa during incubation in capacitation medium for 0, 30
min, 1 h, 1.5 h, and 3 h. There were no differences between
SAPLT/ and wild-type spermatozoa (data not shown),
showing that this phase of capacitation was normal for both
wild and SAPLT/ spermatozoa.
We then determined whether penetration of the zona
pellucida was altered in the null animals. Cumulus-free
eggs were divided into two groups: one group was treated
at 55jC for 75 min to inactivate the cortical granule
enzymes responsible for the block to polyspermy, and the
other group was kept at 37jC. After treatment, each group
of eggs was divided into half, and each half was incubated
with either wild-type or SAPLT/ spermatozoa for 20 min.
Eggs were then washed with fresh media three times and
incubated for another 4 h. The average number of sperm
cells that penetrated each egg was 0.9 for wild type and 0.4
for SAPLT/ in the 37jC group. In the 55jC-treated
group, the average number of cells that penetrated each
egg was 3.5 for wild type and 1.3 for SAPLT/ sperma-
tozoa (Fig. 8D). Thus, whatever the treatment of the eggs,higher numbers of wild-type spermatozoa penetrated the
extracellular matrix of the egg.
An increase of MC540 fluorescence intensity appears to
reflect lipid disorder in the liposome (Langner and Hui,
1993; Williamson et al., 1983), and in the outer leaflet of the
cell membrane (Williamson and Schlegel, 1994). For ex-
ample, treatments that perturb phospholipid asymmetry or
packing of human erythrocytes leads to increased MC540
fluorescence (Lagerberg et al., 1995). Our results show that
bicarbonate causes a rapid increase in MC540 fluorescence
in wild-type spermatozoa, a result consistent with findings
in boar spermatozoa (Harrison et al., 1996). However,
SAPLT/ spermatozoa fail to display equally high
MC540 fluorescence under the same conditions. This sug-
gests that the SAPLT/ sperm membrane does not become
as disordered as that of wild-type spermatozoa in response
to bicarbonate. Likewise, annexin V binding, a measure of
PS in the outer leaflet, showed that bicarbonate-induced
lipid scrambling occurred in wild-type spermatozoa since
PS now became evident as a component of the spermatozoa.
PS, however, appeared present in the outer leaflet of the
L. Wang et al. / Developmental Biology 267 (2004) 203–215214plasma membrane of SAPLT/ spermatozoa in either the
presence or absence of bicarbonate. The presence of PS in
the outer leaflet strongly supports the notion that SAPLT is a
flippase required for the asymmetric distribution of PS to the
inner leaflet.
PS exposure in the SAPLT/ sperm membrane and the
lack of MC540 staining in SAPLT/ spermatozoa suggests
a potential conflict in interpretation. However, the basis of
fluorescence intensity increases are due to penetration of
MC540 into the more hydrophobic region of the membrane.
If the membrane is closely packed, MC540 fluorescence is
less and if the membrane is loosely packed MC540 inserts
into the hydrophobic environment and fluorescence in-
creases. Thus, it is not necessarily the exposure of PS itself
that dictates MC540 fluorescent intensity. In boar sperm, for
example, changes in MC540 fluorescence plateau within 15
min whereas the redistribution of PS or PS analogs continue
for longer times (Gadella and Harrison, 2000; Harrison et
al., 1996). It is also known that sperm flippase activity is
greater than scramblase activity (Harrison et al., 1996) and
therefore the flippase will continue to drive PS to the inner
leaflet. Additionally, PS is negatively charged and MC540 is
also negatively charged. Thus, increased PS content will
lead to an attenuation of MC540 binding (Waczulikova et
al., 2002).
Plasma membrane scrambling appears to be an important
component of capacitation. Reductions in phospholipid
asymmetry are also associated with increased cell–cell
adhesion and exocytosis (Muller et al., 1996; Schlegel et
al., 1985). Such scrambling also seems important for
sperm–egg binding and fusion (Flesch and Gadella, 2000;
Flesch et al., 1999; Harkema et al., 1998). Disruption of the
SAPLT gene results in fewer SAPLT/ sperm cells bound
to the extracellular matrix of eggs and lower numbers of ZP-
induced acrosome reactions when compared to wild-type
spermatozoa. The premature exposure of PS on the mem-
brane outer leaflet of null spermatozoa and the apparent
failure of bicarbonate to cause lipid unpacking in null sperm
cells may also alter the lateral movement of protein, glyco-
lipids, or prevent the unmasking of surface lectin-binding
epitopes that have been previously reported to occur during
the process of capacitation (Ashworth et al., 1995; Gadella
et al., 1994, 1995; Suzuki and Yanagimachi, 1989). Any
disturbances in these membrane events could account for
the negative fertility effects caused by elimination of the
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